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Abstract
This article reports two contributions related to reflectarray antenna design at
millimeter waves (mm-waves). First, a closed form analytical formulation is
provided for the prediction of reflection properties of square/rectangular mm-
waves reflectarray unit cells based on various quality factors and the theory of
waveguide coupled resonators. To ensure a high accuracy at mm-waves, the
effects of fringing fields, surface waves, metal conductivity, and metal surface
roughness are included in the analysis. This analysis program greatly facilitates
the parametric studies of a unit cell’s constituting parameters to converge on
an optimum design solution. Secondly, the concept of phase quantization is
proposed for a cost effective realization of mm-waves reflectarrays. The devel-
oped formulation in the first contribution was used to design two 3 bit phase
quantized, single layer, 19 wavelength, passive reflectarrays at 60 GHz. The test
results are compared with simulations and a very good agreement was observed.
These findings are potentially useful for the realization of high gain antennas
for mm-wave inter-satellite links in small satellite platforms.
Keywords: Antenna, Reflectarray, Reflection Loss, Satellite, Unit Cell
∗Corresponding author
Email address: g.ahmad@surrey.ac.uk (Ghulam Ahmad)
Preprint submitted to Journal of LATEX Templates July 20, 2018
1. Introduction
Millimeter waves (mm-waves) satellite and terrestrial backhaul communi-
cation links require high gain antennas to counter severe propagation losses.
Two commonly used high gain solutions at lower frequencies are the reflector
antennas, and antenna arrays. Both of these technologies suffer significant dis-5
advantages when applied to mm-waves. Reflector antennas are curved surfaces
which are expensive to accurately manufacture at mm-waves. Additionally, the
aperture geometry to achieve high gain and a limited accommodation space in
the launch fairing may cause conflicting requirements. Similarly, modern an-
tenna arrays are made using printed microstrip technology. These arrays use10
power distribution network (PDN) to feed the array elements. This PDN has
a significant loss at mm-waves which can be as high as 42 dB as observed by
[1, 2]. A high gain antenna array may contain thousands of individual antenna
elements [3, 4]. Therefore, the power distribution network becomes very com-
plicated and lossy which drastically affects the antenna performance.15
A solution to avoid curved surfaces and lossy power distribution networks
is to combine the best features of reflector and array technologies. A reflectar-
ray being an optimal genetic hybrid of these technologies preserves the spatial
feeding of reflector technology and the planar structure of printed arrays to
achieve high antenna gains [5–7]. Reflectarrays can be stowed along the side20
panel of a small satellite platform to get accommodated in a limited launch
fairing space. To allow further compactness, reflectarrays can be folded into a
compact form during launch, and then can be unfolded and deployed once in
orbit. To further facilitate the compactness, reflectarrays can be made inflatable
[8–10]. A reflectarray can implement any reflector antenna configurations to fit25
the requirements. Due to a flat structure reflectarrays are a potential candidate
for aircrafts, and next generation terrestrial backhauls. Moreover, reflectarrays
would be potentially useful for high capacity mm-wave inter-satellite links using
small satellite platforms. Modern reflectarrays can also benefit from innovative
material technologies e.g. phase change materials [11, 12], liquid crystals [13],30
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and tunable graphene [14]. Reconfiguration devices can be embedded in reflec-
tarray unit cells [15, 16] to to enhance their functionality including contoured
beams [17].
A reflectarray spatially illuminates its comprising individual antenna ele-
ments (called unit cells) which reflect the incident electromagnetic (EM) field.35
The reflected EM field is engineered at each unit cell’s location to artificially
imitate the parabolic effect. In a well designed reflectarray the performance of
unit cells directly impacts the overall performance of a reflectarray [18–20].
The reflection response (magnitude and phase) of a unit cell is the primary
determinant of its behavior over a frequency range. For a microstrip based40
unit cell the reflection response is determined by the substrate dielectric con-
stant (r), loss tangent (tanδ), substrate thickness (h), metal conductivity (σ),
and the reflecting surface geometry. Due to multiple variables, there may exist
multiple combinations leading to the same resonant frequency but completely
different reflection properties. To synthesize an optimum design one should45
make best use of the available degrees of freedom to achieve the desired perfor-
mance. Therefore, it is critical to completely characterize and understand the
properties of a unit cell in relation to its parametric variables to avoid accidental
misbehavior in the reflection response [21].
Until recently, most of the unit cell designs mainly relied on full wave elec-50
tromagnetic (FW-EM) simulations. Widely used simulation packages including
CST Microwave Studio [22–26] and HFSS [27–29] have been used to design and
characterize the unit cells. Due to multiple degrees of freedom in a design; to
reach an optimum design, a designer has to bear heavy simulation loads in terms
of optimizations and parameter sweeps where each set of parameters costs a sep-55
arate FW-EM simulation. This process of heavy simulations can be avoided by
a first hand parameterized analytical tool for the unit cell performance predic-
tion. From the results of this mathematical model, the designer can choose
unit cell design parameters followed by only a single or few EM simulations to
converge on the optimum design thereby significantly reducing the design ef-60
forts. Although, this analytical technique do not replace the need for FW-EM
3
simulations, however it significantly reduces the number of such simulations.
A unit cell can be represented by an equivalent RLC resonator. The mod-
eling of a waveguide coupled resonator under the assumption of small pertur-
bations to approximate the energy decay in a resonator is presented in this65
paper. Theory developed in [30] for the prediction of reflection properties of
a resonator in terms of various quality factors (Q) is extended to apply to a
reflectarray unit cell and the effects of fringing fields, surface waves, metal con-
ductivity, and metal surface roughness are included in the model to make it
valid at mm-waves. In a reflectarray design, usually a continuous reflection70
phase range is required from unit cells [5]. However, in practice it is not feasi-
ble to make such a continuous reflection phase available particularly at higher
frequencies. Therefore, we have proposed the concept of phase quantization in
reflectarrays. Two 3 bit phase quantized reflectarrays were designed based on
the results from the unit cell mathematical model. The measured performance75
of these reflectarrays is compared with their FW-EM simulated results where a
strong agreement was observed.
2. Reflectarray operation and unit cell design
This section presents the reflectarray operational concept, and the analysis
of microstrip printed unit cells for mm-waves operation.80
2.1. Reflectarray geometry and operation
The geometry of a basic reflectarray [16, 31, 32] is shown in Fig. 1. Re-
flectarrays have mainly planar reflecting surfaces, although they can also be
made slightly curved. In its basic form, a reflectarray surface is designed with
an objective to collimate the scattered field in its far field. The number of el-
ements/unit cells in a reflectarray is determined by the required gain. Usually,
a reflectarray is composed of thousands of unit cells. A feed source antenna
having its phase center coinciding with the array focal point (0, 0, F ) spatially
illuminates these unit cells. The radiated field from the feed horn is scattered
4
( 0, 0, F )O
rthog
onal 
Plan
e
X
Y
Z
Figure 1: Printed reflectarray antenna on a grounded substrate
by these unit cells. At the location of each unit cell a phase correction is applied
to the scattered field. Therefore, the parabola effect is artificially engineered by
scattered field phase correction from the entire reflectarray surface. The phase
of the reflected field in a plane orthogonal to the direction of radiated beam is
constant [16] as follows:
ko(rmn − ~Rmn · rˆb)−4φmn = 2piN (1)
where ko = 2pi/λ is the free space wave number for wavelength λ , ~rmn is the
position vector of mnth unit cell w.r.t. array focal point (0, 0, F ), ~Rmn is the
position vector of mnth unit cell relative to the array center/origin of coordinate
system (0, 0, 0), rˆb is the direction of radiated pencil beam, F represents array85
focal length, and N is an integer. Each mnth unit cell introduces a phase
shift equal to 4φmn between the incident and scattered field. By controlling
this localized phase at each unit cell location, the pencil beam can be scanned
or a contoured beam can be synthesized. As a reflectarray operates on the
principle of reflecting the incident field on unit cells, it is required to minimize90
the reflection loss occurring in unit cells. In ideal conditions the magnitude
of the phase corrected reflected field from unit cells should be equal to the
magnitude of the incident field. However, due to losses in a substrate and a
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finite conductivity of reflecting metal surface, the reflected field suffers certain
amount of loss which one would try to minimize in a design. In a well-designed95
reflectarray, it is mainly the unit cell behavior which determines the overall
characteristics of a reflectarray. Therefore, significant design efforts are focused
to develop an optimum unit cell.
2.2. Unit cell analytics
A reflectarray unit cell is shown in Fig. 2. It consists of a reflecting geometry100
(square patch here) on a grounded substrate. The reflecting geometry of a patch
can be a simple regular shape or a compound shape resulting from a combination
of basic shapes. As the frequency increases the fabrication tolerances become
more severe. The fractional change in geometry due to these tolerances is signifi-
cantly higher at mm-waves in comparison to low frequencies. Although, one may105
be tempted to use compound reflecting shapes at mm-waves, it is potentially
difficult to accurately fabricate at these frequencies using low cost fabrication
process providing a tolerance in the range of 100 - 200 µm. As the reflection
response of a unit cell is a complex function of its parameters, a change in the
compound shape’s geometry may cause drastic variations from its design with110
no guarantee of the required performance. A complex radiating shape is not a
suitable solution at mm-waves. Therefore, very basic shapes including rectan-
gular, square, and circles are preferred at mm-waves. When these basic shapes
are subject to fabrication tolerances, the resulting geometries are still expected
to be able to achieve the required performance at a slightly different frequency.115
Similarly, simple shapes result in closed form analytical solutions. Analysis pre-
sented here is applicable to rectangular and square reflecting patches which are
envisioned to be widely used at mm-waves. It can be extended to other shapes
provided the suitable expressions for radiated power can be realized.
It is well known that the unit cell reflection properties are measured using
a waveguide setup as it provides periodic boundary conditions required for the
unit cell [33]. Such a structure inherently models mutual coupling of elements
in an infinite array environment. The reflection phase of a unit cell is a func-
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tion of the wave indecent angle. In a well designed reflectarray, the incident
angle from feed horn for the edge located unit cells in an actual reflectarray
is nearly equal to the waveguide incidence angle at a unit cell. Usually, the
phase variations expected due to the violation of local periodicity in an actual
reflectarray are less than the phase variations due to the wave incident angle.
Therefore, a waveguide test setup is considered as a reliable source for the unit
cell measurements. A reflectarray unit cell can be represented by an equivalent
RLC circuit resonator. The waveguide coupled resonator theory was developed
in [30] based on the theory of small perturbations [34]. A unit cell’s equivalent
RLC resonator coupled to a dominant mode metallic waveguide is shown in Fig.
3. The reflection coefficient of a unit cell under this scenario is given as:
Γ =
1
Qext
− 1Qo −
2 j (f − fo)
fo
1
Qext
+ 1Qo +
2 j (f − fo)
fo
(2)
where Γ is the reflection coefficient of the unit cell resonator, f is the frequency of
interest around the resonant frequency fo , Qo is the quality factor to account
for the conductor and dielectric losses, and Qext is the quality factor which
accounts for radiations from the unit cell including effects of surface waves. Qo
is given as:
1
Qo
=
1
Qd
+
1
Qc
(3)
where, the quality factor Qd relating to dielectric loss due to tanδ of the mi-
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Figure 2: A reflectarray unit cell (front and side views).
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Figure 3: A unit cell resonator coupled to the waveguide with an external excitation source
(dominant mode waveguide incidence). The incident wave is represented by s+(t), the reflected
wave is represented by s−(t) and the reflection coefficient of the unit cell is represented by Γ.
crostrip substrate is defined by [35], and Qc is the quality factor due to the
finite conductivity of a rough metal reflecting surface of the unit cell. The sur-
face roughness is mainly ignored at lower frequencies. At mm-wave frequencies,
surface roughness becomes very comparable to the skin depth, thereby increas-
ing the internal losses in a unit cell. The metal surface roughness Rrms ranges
from 0.3 µm to 2.4 µm for commercially available copper depositing techniques
used in manufacturing of PCBs [36]. Considering the conductivity of copper,
one finds skin depth δs of the order 2 µm ≤ δs ≤ 0.2 µm in the frequency range
of 1 GHz ≤ f ≤ 100 GHz. It is comparable to the metal surface roughness
of commercially available PCB substrates. With an increase in the frequency
the dielectric loss tangent increases. Similar is true for the conductor surface
roughness. At mm-waves, in most of the cases, loss due to the conductor is
higher than the loss due to loss tangent of a wisely chosen substrate. Therefore,
it is essential to consider the effects of surface roughness in mm-wave designs.
The effective conductivity of a rough surface σr is modeled as [37, 38]:
σr =
σ[
1 +
2
pi
tan−1
{
1.4
(
Rrms
δs
)2}]2 (4)
where σ is the smooth selected metal conductivity (mostly copper). For thin120
microstrip substrates h λo (where λo = free space wavelength), one can find
the rough conductor model based quality factor as: Qc = h
√
pi µ fo σr which
is particularly important in relation to higher frequencies in the range of mm-
8
waves (here µ = permeability). The accuracy of this model can be improved
even further at higher frequencies by using complex models for the effective125
metal conductivity.
External quality factor is given as: Qext = 2pi fo ηrad Ws / Prad , where
ηrad is the radiated wave efficiency defined by [39], Ws is the total stored energy
under the radiating surface (patch), and Prad is the radiated power from the
radiating surface into the metallic waveguide having dimensions a × b. For
thicker substrates surface waves take a significant amount of power therefore,
the value of ηrad is lowered as shown in [40]. The Ws and Prad are derived
using cavity model of the patch antenna. At resonance the stored electric and
magnetic energies under the patch are equal, therefore Ws can be expressed
by (5) in relation to the electric field distribution ( ~Ecavity) under the patch for
cavity dominant mode i.e. TM010 [41]. Similarly, Prad is expressed by (6) for TE
mode inside the waveguide using its electric ( ~EWG) and magnetic ( ~HWG) fields,
which in turn is related to the TE mode amplitude (|AWG|) [34] due to the
magnetic currents at the radiating edges of the patch on a grounded substrate.
Here, ZWG is the waveguide impedance for TE10 mode.
Ws = 2We =

2
∫
| ~Ecavity|2 dv (5)
Prad =
1
2
∫
~EWG × ~HWG · ~ds = |AWG|
2
2ZWG
(6)
For a rectangular/square patch inside a dominant mode metallic waveguide, the
expression for Qext; by using the coupling of a unit cell resonator and waveguide
modes, simplifies to (7).
Qext = ηrad
fo pi
3 
32h
b
a
Weff Leff
sin2(
pi Weff
2 a
)
ω µ√
ω2 µ ε− (pia )2
(7)
where Weff [42, 43] and Leff [41] are the effective width and length of the radi-
ating patch with physical width = W and length = L respectively, as:
Weff =
λo
2
√
2
r + 1
+ 2 ∆W = W + 2 ∆W , Leff =
c
2 f
√
eff
= L+ 2 ∆L (8)
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where ∆W and ∆L are the effective increase in width and length due to fring-
ing fields as defined by [44] and [45] respectively, r is the substrate dielectric
constant, eff is the effective dielectric constant for the substrate at the oper-
ating frequency as defined by [46]. For more details on coupling of modes one130
can refer to [34]. The expression for Qext accounts for the mutual coupling of
unit cells in an infinite array environment due to periodic boundary conditions
offered by the metallic waveguide structure.
At resonance, when Qext < Qo, is called over coupled condition and Γ(fo) =
|Γ(fo)| ej 0. This is the only useful condition in a reflectarray design. Therefore,
for a reliable operation, the reflectarray unit cells are designed for the over
coupled condition. The reflection phase of a unit cell resonator can be derived
by taking the argument of (2) as Φres(f, fo) = arg
(
Γ(f, fo)
)
:
Φres(f, fo) = tan
−1
−
2
Qext
2(f − fo)
fo(
1
Qext
)2
−
(
1
Qo
)2
−
(
2(f − fo)
fo
)2
 (9)
In a variable length phase control technique (envisioned to be widely imple-
mented in mm-wave reflectarrays due to its simplicity), if Lo is the resonant
length at center frequency fo, then lengths Lo + δLo and Lo− δLo would corre-
sponds to frequencies f1 and f2 respectively as in (10) such that f1 < fo < f2 .
f1 × (Lo + δLo) = fo × Lo = f2 × (Lo − δLo) (10)
Here, δLo represents a differential change in the length. Therefore, these lengths
would correspond to reflection phases as:
Φ1 = Φres(fo, f1) , Φ2 = Φres(fo, f2) (11)
By selecting suitable lengths the required reflection phases from the unit cells
can be synthesized.135
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3. Unit cell results and discussions
This section covers two important results generated through analysis, and
simulations. The first outcome is the substrate selection for reflectarray unit
cells through analysis. For an optimally selected substrate, the analyitcal results
are then compared with the CST Microwave Studio FW-EM simulations as the140
second outcome.
3.1. Substrate selection
Two main considerations while selecting a substrate for reflectarray unit cells
are; surface waves generation and the reflection performance. For thin substrates
the surface wave effect is negligible. However, for thick substrates its effect needs145
to be included as illustrated by [47, 48]. At mm-waves h/λo becomes relatively
greater as compared to lower frequencies for the same substrate thickness (h).
Therefore, the surface wave effect is more pronounced at mm-wave frequencies.
Surface waves are not a strong function of the reflecting element geometrical
shape and are mainly characterized by substrate parameters [39, 43]. Fig. 4 (a)150
presents the radiated wave efficiency (ηrad) for various values of the substrate
thicknesses and dielectric constants (for more details on ηrad one can refer to
[40]). It can be observed that for a fixed value of the substrate thickness, a
lower dielectric constant leads to a better radiated wave efficiency. Similarly,
for a fixed value of dielectric constant a thinner substrate results in a better155
radiated wave efficiency. To reduce the effect of surface waves generation a thin
substrate with a lower value of dielectric constant is preferred.
Fig. 4 (b) displays the reflection coefficienct’s magnitude against various
substrate thickness values for RO5880 having r of 2.24. The results consid-
ering various effects i.e. metal surface roughness excluded (smooth), included160
(rough), fringing fields effect (fring), surface waves (SW) are shown. It can be
observed that for a suitably selected value of r the effects of surfaces waves are
negligible. For substrate thickness values less than 2 mil, a unit cell on this
substrate at 60 GHz would behave anomalously. This includes phase misbehav-
ior (a phenomenon due to which the reflection phase performance is severely165
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Figure 4: (a) Radiated wave efficiency = ηrad as a function of the substrate thickness for
various values of relative dielectric constants. For each r case the substrate thickness is limited
to allow only the first order mode of surface waves. (b) Reflection coefficient’s magnitude as a
function of the substrate thickness at 60 GHz. Γ (fring smooth) considers the effect of fringing
fields in microstrip and copper conductivity without its surface roughness. In Γ (fring rough)
the effect of conductor surface roughness is also considered in addition to fringing fields. While
in Γ (fring rough SW) the effects of fringing fields, conductor roughness and surface waves are
considered.
deteriorated) [21] and/or excessive loss. In either of these cases, the unit cell is
not useful in a reflectarray. The phase anomaly and excessive loss issues dictate
using a thicker substrate for a reliable operation of the reflectarray.
In Fig. 5 the reflection magnitude and reflection phase of unit cells are
plotted for three substrate thickness values of RO5880 with r of 2.24. For each170
thickness value the unit cell was designed to resonate at 60 GHz. The effects
of fringing fields, metal surface roughness and surface waves are introduced
iteratively. Due to a suitable choice of r the surface wave effect is not huge.
However, it is significant when r is not chosen judiciously as was shown by
authors in [40]. It appears from Fig. 5 (a) that the surface waves are playing175
a positive role in improving the reflection coefficient’s magnitude. However,
one should realize that these are the results of an individual unit cell inside a
metallic waveguide which results in a constructive effect. This can be exploited
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in a reflectarray design in case the surface waves are made to be confined to the
unit cell area only (a solution for this is beyond the scope of the current paper).180
Here the important point to note is that for an optimal substrate selection in
terms of thickness and r, the effect of surface waves (which is in general a loss
at reflectarray level) and the loss in reflection coefficient’s magnitude due to
substrate thickness should be minimal. Choosing a too thick substrate would
also increase the mass of a reflectarray which can be a concern in small satellites.185
The reflection phase response in Fig. 5 (b) for three substrate thickness values
shown includes the effects of fringing, metal surface roughness and surface waves.
There was hardly any significant difference observed in phase response among
these cases, therefore only results including all of these effects are plotted. Here,
it can be observed that a thicker substrate reduces the achievable reflection phase190
range from a unit cell. Therefore thicker substrates are required to be avoided
for a greater phase swing. Based on this analysis we chose 10 mil thick RO5880
substrate.
It is to note, the time taken by one iteration of the above calculations for
a set of given parameters was only 96 µs on a standard Dell Optiplex desktop195
machine. Here we explained the effect of substrate thickness and its dielectric
constant. One can parameterize any constituting variable of above equations to
study its effect on the resulting reflection performance of a unit cell.
3.2. Comparison of unit cell results
This section compares the results of analytical analysis with CST Microwave200
Studio FW-EM simulations of a square unit cell on a 10 mil thick RO5880 sub-
strate using a WR15 square waveguide with aperture dimensions ‘a× a′. Dur-
ing this analysis the effects of fringing fields, surface waves, and metal surface
roughness with finite conductivity were considered. In CST simulations, the
surface roughness was input as impedance surface. Fig. 6 displays the reflec-205
tion performance of a unit cell. Here analytical results produced through the
proposed analytical technique are compared with CST simuations. The reso-
nant frequency offset was removed to make the comparison more visible. It can
13
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Figure 5: Reflection coefficient (Γ) versus frequency for various substrate thickness values
considering the effects of fringing fields, conductor roughness, and surface waves for a 3.76
mm square unit cell lattice.
be observed that analytical results match very well with the CST simulations. A
slightly higher predicted loss in analytical results in comparison to CST results210
is due to different resulting resonant frequencies in both analyses for a fixed
length of the reflecting patch.
Fig. 7 displays the reflection performance versus length for analytical anal-
ysis and CST simulations at 60 GHz. Here the patch length offset from CST
simulation was removed to show the results together. The analytically predicted215
reflection magnitude and phase responses match very well with the CST sim-
ulations. The reflection phase versus length graph is particularly useful when
selecting the required patch lengths for the reflectarray design.
In Fig. 8, the offsets are plotted in frequency for a fixed length and in length
for a 60 GHz resonance (fixed frequency). There was a frequency offset of about220
1.3 GHz which corresponded to a length offset of 100 µm between the analytical
predictions and CST simulated results which is not huge considering the 60
GHz operation. This is to note that the analytical technique is based on the
theory of small perturbations which do not correct the frequency [30], however
predicts the reflection loss accurately. Although, there is a small frequency225
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Figure 6: A comparison of analytical and CST simulated results of reflection coefficient (Γ)
versus frequency for 10 mil thick RO5880 substrate considering the effects of fringing fields,
conductor roughness, and surface waves for a 3.76 mm square unit cell lattice.
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Figure 7: A comparison of analytical and CST simulated results of reflection coefficient (Γ)
versus square patch length for 10 mil thick RO5880 substrate considering the effects of fringing
fields, conductor roughness, and surface waves for a 3.76 mm square unit cell lattice.
offset in analytical predictions, however this is a great first hand analytical tool
to perform parametric analysis for an initial design selection followed by only a
fewer FW-EM simulations.
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Figure 8: A comparison of analytical and CST simulated results of reflection coefficient (Γ)
versus frequency and length variations for a square patch on 10 mil thick RO5880 substrate
considering the effects of fringing fields, conductor roughness, and surface waves for a 3.76
mm square unit cell lattice.
4. Phase quantized reflectarray design
Simple unit cell shapes do not provide full 360◦ phase shift. To alleviate230
this problem, compound shapes were invented for use at lower frequency bands.
However, at mm-waves to ease the fabrication process one need to use simple
shapes. A continuous phase shift in a reflectarray design is preferred theoreti-
cally. However, when a full 360◦ phase range is not available, the performance
gets slightly degraded. Further, to implement a continuous phase, one needs to235
achieve a continuous change in the selected parameter of a unit cell producing
this change. This continuous change in unit cell parameters is not feasible in
most of the cases. Therefore, it is preferred to implement a discrete set of se-
lected phases which results in a corresponding set of limited unit cells. As it
was shown in [49], using a 3 bit phase quantization results in 0.2 dB reduction240
in the directivity. Therefore, with a practically acceptable loss in directivity,
the implementation problem of passive reflectarrays at mm-waves gets resolved.
It is worth noting here that due to the presence of a large number of unit cells,
a phase quantized reflectarray can still achieve a comparable performance to
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the continuous phase reflectarray in terms of sidelobe levels and beam pointing245
angles.
We used (1) to calculate the continuous phases required in the reflectarray
design. Then these continuous phases were discretized in (12) using the specified
quantization phase levels. This discretization results in a 3 bit implementation
using a set of 8 unit cells to produce the corresponding 8 phase states.
∆ΦQ =

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(12)
Here ∆ΦQ is the discrete quantized phase shift introduced by a unit cell, ∆ΦC
is the desired continuous phase from that particular unit cell as calculated us-
ing (1), and % represents the modulo (remainder) operator. In our variable
length implementation to produce the required phase shift from a unit cell, a250
corresponding set of 8 lengths was selected using (9) to (11).
The unit cells of two 3 bit phase quantized reflectarrays were designed based
on the phase quantization scheme presented in section 2.2 using the variable
geometry approach on a single layer grounded substrate. One of these was
pointing at boresight while the other was designed to point its main beam at255
55◦. Various parameters for unit cells and reflectarrays are listed in Table 1.
A set of 8 unit cells was selected to produce the required quantized reflection
phase states in each reflectarray design. Both phase quantized reflectarrays
were simulated in CST microwave studio to access their performance. Fig. 9
17
Table 1: Parameters of unit cells and reflectarrays.
Parameter Value/Description
Substrate and thickness (h) 10 mil thick RO5880
Dielectric constant (r) 2.24
Loss tangent (tan δ) 0.004
Copper thickness (t), and copper sur-
face roughness (Rrms) for RO5880
t = 17 µm, Rrms = 0.3 µm
Reflectarray phase quantization 3 bit = 8 phase states
Reflectarray focal length (F ), side
length (length = width, L = W )
F = 70 mm, L = W = 94.5 mm
Inter-element spacing 2.7 mm
Number of unit cells in the reflectarray 35 × 35
Reflectarrays’ pointing angles 0◦ and 55◦
Feed horn model LB-15-10-A from A-Info
Transmit-receive antenna distance 5 m
(a) displays one of these reflectarrays design for boresight pointing. The CST260
simulated results are compared against measured results in section (6). Fig. 9
(b) shows the feed support structure simulated in another CST simulation to
discuss sidelobe performance of the measured reflectarrays.
5. Reflectarray fabrication and measurements
This section is about the fabrication of phase quantized reflectarray and the265
anechoic chamber measurement setup used during their measurements.
5.1. Reflectarray fabrication
Two 3 bit phase quantized reflectarrays were fabricated using a photolithog-
raphy printed circuit board (PCB) printing process. Fig. 10 displays the mo-
saics and fabricated reflectarrays on the grounded substrate for pointing their270
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(a) Reflectarray in CST for simulated 1
 
 
 (b) Feed structure in simulated 2
Figure 9: Structure of reflectarray simulated in CST to generate results in Fig. 13, (a) without
support structure and feed horn flange to generate results ‘Simulated 1’, (b) Feed horn flange
and feed support included in simulation of reflectarray to generate results ‘Simulated 2’.
respective radiated mains beams at 0◦ and 55◦. Both of the fabricated reflec-
tarrays were individually mounted on rigid back supports to provide mechanical
stability.
5.2. Reflectarray measurement setup
A simplified diagram of the mm-wave antenna measurement system is shown275
in Fig. 11 [50].
The millimeter wave antenna measurement system is based on an HP/Agilent
85309A frequency converter, and has a transmitter and a receiver section. Its
transmit section is made of a synthesized RF source (Agilent 8350 sweep oscil-
lator), an amplifier (HP 8349B), a mm-wave source module (HP 8355xA), and280
the transmit antenna. A standard gain horn is used as the transmit antenna. A
mm-wave stimulus signal for the receive antenna which is an antenna under test
(AUT) is provided by the mm-wave source module and the transmit antenna.
19
  
 
  
(a) Mosaic for 0◦ pointed reflectarray
 
 
 
 
 
 
 
  
(b) Mosaic for 55◦ pointed reflectarray
(c) Fabricated reflectarray, pointed at 0◦ (d) Fabricated reflectarray, pointed at 55◦
Figure 10: Two 3 bit phase quantized reflectarrays with their respective radiated main beams
pointed at 0◦ and 55◦. Mosaics used for fabrication are shown in (a, b) while fabricated
reflectarrays are shown in (c, d). Both arrays were fabricated on a grounded 10 mil thick
RO5880 substrate. Fabricated reflectarrays are mounted on supporting plates to provide
mechanical rigidity during measurements.
Through a general purpose interface bus (GPIB interface), the RF source mod-
ule is controlled by the receiver. HP 8355xA mm-wave source module accepts an285
RF power input in the range of +17 to +27 dBm. RF source and HP 8349B am-
plifier together provide an output of +17 dBm for HP 8355xA mm-wave source
module. HP 8355xA mm-wave source module up-converts the RF frequency by
a factor of 2 to 6 based on the module used. A source module interface (SMI)
20
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Figure 11: Antenna measurement setup.
allows the mm-wave source module to become an integral part of the RF source.290
Due to this interface (with its cables connected), the RF source acknowledges
the fact that multiplied frequencies are in use. Therefore, when the receiver
asks for frequencies above the RF source’s normal range, it responds correctly.
Using the STIMULUS controls on the receiver one can change the output power
of the mm-wave source module.295
The receiver section of the measurement system consists of an AUT or a ref-
erence antenna, a directional coupler (shown as a part of HP 85325A: mm-wave
interface kit), frequency converter unit, mixer modules (part of HP 85326A:
Test-60001 and Ref-60002), mm-wave mixers (HP 11970, two units; one as a
reference mixer and the second with AUT), isolators (HP 365A with both mix-300
ers), and a receiver Agilent N5242A vector network analyzer (VNA). At the
input of each mm-wave mixer there is an isolator to improve the impedance
matching between the antenna and its mixer. An isolator also blocks mixer
harmonic signals from radiating through the antenna. Mixers down-convert the
mm-wave signal to a 20 MHz IF frequency for the receiver Agilent N5242A.305
Both mixers (test and ref.) are identical. However, they are driven by differ-
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ent mixer modules. These mixers operate normally with an LO power in the
range of 16 ± 2 dBm. The reference mixer module (60002) measures the LO
power it receives, through an internal detector. The output voltage of the LO
power detector are fed to HP/Agilent 85309A LO/IF unit which controls the LO310
power. LO power to the test module (60001) is not measured. The test module
receives the same amount of LO power as received by the reference module due
to assumed similar electrical distances. Therefore, test and reference LO powers
are controlled simultaneously. Test mixer module has a diplexer to allow LO
and IF signals to travel through the same cable therefore, permitting a single315
ring rotary joint for an AUT. The LO signal is provided by an LO source unit.
HP/Agilent 85309A LO/IF unit, amplifies and distributes LO signals to mixer
modules. HP/Agilent 85309A also controls the LO power levels through an au-
tomatic level control circuitry. It receives IF signals from both mixer modules,
amplify them and send them to the receiver. At the receiver 20 MHz IF signals320
are converted to the digital data, processed and displayed. The receiver also
controls the frequencies of LO and RF sources through control interfaces. A
computer running the data capture software is connected to the receiver to fur-
ther process and display the measurement data. For more detailed description
of the measurement system and its operation one can refer to [50].325
Fig. 12(a) displays an assembled reflectarray. It consists of the fabricated
reflectarray, the feed horn to spatially illuminate the unit cells of reflectarray,
and the mechanical support structure. The mechanical support structure con-
sists of three parts: an interface plat which provides the mounting of the whole
assembled reflectarray structure with the antenna positioner, a small tower to330
hold the feed horn at proper height with respect to the reflectarray aperture,
and a base support to hold the feed horn tower. The base support and the
feed horn tower are designed to provide the adjustments for reflectarray focal
length by sliding the feed horn tower into the prongs of the base support. Fig.
12(b) shows the whole assembled structure of reflectarray (antenna under test335
(AUT)) mounted on the anechoic chamber tower on the receive (Rx) side. The
transmit (Tx) side consists of a horn antenna as shown in Fig. 12(c). The three
22
(a) Array test structure (b) Array on test tower (c) Transmit side horn
Figure 12: Reflectarray measurements in anechoic chamber. (a) Reflectarray and its feed horn
mounted on the test structure, (b) Reflectarray and its feed horn with test structure mounted
on the antenna test tower in anechoic chamber on the receive side, (c) Transmit side horn
antenna.
antenna test method was used to measure the gain of reflectarrays [51]. This
method uses an additional reference antenna with a known gain in place of the
AUT. Therefore, by comparison of the received signal strength the gain of the340
AUT can be found. The chamber was calibrated using the reference antenna.
Similarly, the radiation pattern of reflectarrays was measured by rotating the
antenna positioner in azimuth direction at a fixed elevation.
6. Reflectarray results and discussions
Two 3 bit phase quantized center fed reflectarrays were simulated in CST,345
and fabricated for measurements. The radiation beam of one design was point-
ing at the boresight, while other design was for 55◦ pointing. These reflectarrays
were measured for the radiation pattern and gain performance in an anechoic
chamber measurement setup described in section 5.2. Results from CST simu-
lations and measurements are compared here. CST simulated results are based350
on 60 GHz center frequency while measured results are based on 61.5 GHz
center frequency. CST results were frequency offset by 1.5 GHz to show the
comparison with measured results. There is not a practically significant dif-
ference in gain from 60 to 61.5 GHz in both simulations and measurements as
reflectarrays cover a relatively wider bandwidth. The reasons for this frequency355
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shift are the feed horn location (focal point of reflectarrays versus feed horn
phase center) and the fabrication process. The results are displayed in Fig. 13.
Fig. 13 (a) and (c) show normalized radiation patterns at 61.5 GHz for both
arrays, while (b) and (d) show gain-bandwidth response along with the array
pointing angle response. In each case the CST simulated results are plotted360
to show a comparison. Each radiation pattern curve is normalized to its own
maximum value. A very good overlap of mainlobes, beam pointing directions,
and gain-bandwidths can be observed in these figures. A key observation here
is the gain-bandwidth decreases as the beam is pointed away from the antenna
boresight. The measured cross polarization isolation performance was better365
than 38 dB in both cases. Similarly, the measured reflection coefficient at the
feed horn port for the impedance matching purpose was better than -20 dB.
The difference in sidelobes’ performance is discussed as follows.
The curve marked ‘Simulated 1’ in Fig. 13 (a) is the CST simulation of
reflectarray with feed horn only as shown in Fig. 9 (a). A very good sidelobe370
performance can be observed in this case. During measurements we used the
support structure as shown in Fig. 12 (a) which is made of acrylic sheets
(r ≈ 3). To simulate the whole support structure in CST was not possible
due to huge computation requirements. We consider that the feed support
structure as shown in Fig. 9 (b) is the main contributor to an increase in sidelobe375
levels. Therefore, the feed support structure and its flange were modeled in CST
simulations. The effect of flange was to reduce the gain slightly (0.4 dB) and
increase sidelobes by a few dBs (2 dB). When the feed support is included in
simulations, it took around 105 hours of simulation time on an high performance
computation cluster to generate results marked as ‘Simulated 2’ in Fig. 13 (a).380
One can observe that the sidelobes are significantly higher than those shown by
‘Simulated 1’. Because the whole support structure was not simulated, therefore
the measured sidelobes’ performace do not match very well with simulated cases.
However, a trend of rising sidelobes due to a non-air support is visible. Rohacell
support would perform better in this case instead of the acrylic support and one385
would be able to achieve a sidelobe performance close to the ‘Simulated 1’ case.
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Figure 13: The response of two V band 3.0 bit phase quantized reflectarrays designed to point
their respective main beams at 0◦ and 55◦. A comparison of measured results with CST
simulated results for radiation pattern and bandwidth at their respective pointing angles.
In Fig. 13 (c), because the main beam is pointing off boresight therefore,
the effects of blockage due to the feed horn and its support are significantly
reduced. The curve marked ‘Simulated’ displays the CST simulated results
without considering the feed horn flange and any support structures for this390
55◦ reflectarray design just like the case of Fig. 9 (a) with reflectarray replaced
with the one pointing at 55◦. Due to a significant reduction in blockage, the
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sidelobes match much better than those stated for 0◦ pointing reflectarray. It
should be noted that the reflectaray designed for 55◦ beam pointing achieved
beam pointing angle of 54.2◦ which is the same angle one would achieve through395
the array theory based analysis of reflectarrays as shown by authors in [49].
Table 2: A comparison of CST simulated and measured results for phase quantized reflectar-
rays at fixed beam pointing angles. (35 × 35 elements, inter-element spacing = 2.7 mm, F
= 70 mm, L = W = 94.5 mm, feed horn model LB-15-10-A from A-Info, frequency for CST
results = 60 GHz, frequency for test results = 61.5 GHz)
Bit:
angle
Gain
CST
(dBi)
Beam-
width
CST
Bandwidth
CST (GHz)
Gain
test
(dBi)
Beam-
width
test
Bandwidth
test (GHz)
3: 0◦ 34.55 2.9◦ 8.92 33.26 2.75◦ 9.37
3:
54.2◦
30.7 5.5◦ 3.26 31.39 5.06◦ 3.51
Table 2 lists the major performance parameters of these 3 bit phase quantized
reflectarrays. In Table 2 ‘Bit: angle’ = number of phase quantization bit of the
reflectarray and the achieved pointing angle, ‘Gain CST’ = gain achieved in CST
Microwave Studio FW-EM simulations using time domain (T) solver, ‘Band-400
width CST’ = achieved 3 dB gain bandwidth in CST simulations, ‘Gain test’
= measured gain using 3 antenna test method, ‘Bandwidth test’ = 3 dB gain
bandwidth from measurements, ‘Beamwidth CST’ = 3 dB beamwidth achieved
in CST simulations, ‘Beamwidth test’ = is the measured 3 dB beamwidth.
A comparison of this work with the reflectarray measured results based on405
literature is given in Table 3. One would be cautious while comparing these
parameters, as each reflectarray design is different and also the unit cell design
vary significantly, which makes such a comparison hard. Majority of designs
are based on lower frequency bands which are much more robust to fabrication
tolerances in comparison to lower frequency bands. A fair comparison with410
this work is the reflectarray at 77 GHz presented in [20]. One obvious fact is
this work proposes phase quantization in passive reflectarrays to ease imple-
26
mentation at mm-waves which is not considered in other works. Another fact
is this work managed to achieve the efficiency comparable to parabolic reflector
antennas although while implementing phase quantization. This highlights the415
importance of unit cell parametric studies using analytical tool presented in this
work for an optimum design.
Table 3: A comparison with existing literature
Parameter This work [52] [53] [20] [54]
Frequency (GHz) 60 30 12.5 77 11.5
Size (λ) 19 6 20 39 13
Measured gain
(dBi)
33.26 21.7 26.8 36 24
dB, Bandwidth (%) 3, 15.6 - - 1, 2.5 3, 47.8
Efficiency (%) 60 42 23 27 50
Cross pol isolation 38 21 - - 20
Phase qunatization Yes No Yes No No
7. Conclusion
We presented a numerically efficient closed form analytical solution for a sin-
gle layer rectangular/square printed mm-wave reflectarray unit cells including420
the effects of fringing fields, finite metal conductivity, metal surface roughness,
and surface waves. The analytical technique was compared with CST simula-
tions and a strong agreement was found. To ease the implementation of mm-
wave reflectarrays, the phase quantization was proposed. Using the presented
analytical technique two 3 bit phase quantized reflectarrays were designed, fab-425
ricated and measured. Their measurement results were compared with the CST
simulations and a very good agreement of results was observed. Therefore, a re-
liable framework to design high gain reflectarrays is established. These findings
are particularly important for small satellites where accommodation space is
27
at premium. Additionally, these findings would enable high capacity mm-wave430
inter-satellite links.
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